phased and contiguous assembly of Pst-104E (Schwessinger et al. 2018) , an Australian isolate, 143 which represents the first pathotype of P. striiformis detected in Australia in 1979 (Wellings & 144 McIntosch 1990 ). This isolate is almost identical to European isolates belonging to the PstS0 145 lineage with respect to virulence and genotype (Hovmøller et which were inoculated using the method described (Sørensen et al. 2016 ). The inoculated 171 seedlings were misted with water and incubated at 10°C in the dark for 24 h and 100% relative 172 humidity (dew formation) in an incubation room. After incubation the inoculated plants were 173 transferred to quarantine spore-proof greenhouse cabinets with a temperature regime of 17°C 174 day and 12°C night, and a light regime of 16 h photoperiod of natural light and supplemental 175 sodium light (100 μ mol s −1 m −2 ), and 8 h dark. The plants were covered with cellophane bags 5-176 enzymes (dbCAN, downloaded 22/09/2016) (Yin et al. 2012) , to peptidases (MEROPS v10.0) 278 (Rawlings et al. 2016 ) (see jupyter notebooks in the protein_annotation folder on github). We 279 complemented this analysis by interproscan v5.21-60 (-iprlookup -goterms -pa) (Jones et al. 280 2014), eggnog-mapper v0.99.2 (-m diamond and -d euk) (Huerta-Cepas et al. 2016), SignalP 3 281 (Bendtsen et al. 2004) , and EffectorP v2.0 (Sperschneider et al. 2015 (Sperschneider et al. , 2018 . 282
In case of Pst-DK0911 proteins labelled as "candidate effectors" or "EffectorP" belong to the 283 same protein group. They are defined as secreted proteins using SignalP3 followed by being 284 labelled as "candidate effectors"/"effectorP" by the machine learning program EffectorP v2.0. 285
In case of Pst-104E protein grouping was described in detail previously (Schwessinger et al. 286 2018). Briefly, "effectorP" labelled proteins were defined as above except for using EffectorP 287 v1.0. "Candidate effectors" are the outer union of "effectorP" labelled proteins and secreted 288 proteins that are upregulated in haustoria or during the plant infection process when compared 289 to spore stages. 290
291

BUSCO analysis 292
We used BUSCO3 to identify core conserved genes and to assess genome completeness 293 (Simão et al. 2015) . In all cases we ran BUSCO3 in the protein mode using the basidiomycota 294 reference database downloaded 01/09/2016 (-l basidiomycota_odb9 -m protein). 295 296
Inter-haplotype variation analysis 297
We performed the inter-haplotype variation analysis similar as described previously 298 (Schwessinger et al. 2018) . Trimmed Illumina reads derived from DK0911, Pst_104E, and 299 PST78 were mapped against the genomes (DK0911 and Pst_104E) using BWA-MEM v0.7.15-300 r1142-dirty using the standard parameters (Li 2013) . We called SNPs in bulk using freebays 301 (Garrison & Marth 2012) and following hard filtering by vcffilter with DP > 10 and QUAL > 20 302 (vcflib, 2017b) . Variants for DK0911, Pst_104E, and PST78 resequencing data were parsed out 303 and summarized with real time genomic vcfstats v3.8.4 (rtg-tool, 2017a). 304
We performed large-scale variation analysis as described previously using nucmer and 305 assemblytics (Kurtz et al. 2004; Nattestad & Schatz 2016 
Within genome allele variation analysis 310
We used proteinortho v5.16 in synteny mode with default parameters (-synteny) to identify 311 alleles between the primary assembly and haplotigs (Lechner et al. 2011) . We restricted our 312 analysis to high quality allele pairs that are located on linked primary contigs and haplotigs. We 313 assessed the variation of high-quality allele pairs by calculating the Levenshtein distance on the 314 codon-based CDS alignments. The pairwise protein alignments were generated with muscle 315 v3.8.31 (Edgar 2004) , and converted into codon-based CDS alignments using PAL2NAL v14 316 (Suyama et al. 2006) .
Analysis details can be found in jupyter notebook 317 DK0911_vs_Pst104E_gene_pair_analysis.ipynb. 318
319
Coverage analysis and identification of unphased regions in primary contigs 320
We identified unphased regions in Pst-DK0911 as reported previously for Pst-104E 321 (Schwessinger et al. 2018 ). We performed detailed read depth coverage analysis to obtain a 322 genome level insight into the relative quantity of fully phased, homozygous collapsed, and 323 hemizygous regions in the two P. striiformis f. sp. tritici genomes. We determined the 324 sequencing depth in 1-kb sliding windows with 200-base intervals. Read depth coverage was 325 calculated by mapping short reads derived from each P. striiformis f. sp. tritici isolate against its 326 own genome using BWA-MEM v0.7.15-r1142-dirty and the standard parameters (Li 2013) . We 327 mapped reads against primary contigs only (p) and both primary contigs and haplotigs (ph). We 328 normalized sequencing depth to one at the main "haploid" sequencing depth peak on primary 329 contigs when mapping against primary contigs and haplotigs. In a perfect fully phased assembly 330 this is the main sequencing depth peak, because of the absence of any homozygous collapsed 331 regions. We plotted the normalized sequencing depth for primary contigs (both p and ph 332 mapping), haplotigs (ph mapping), regions in primary contigs that have corresponding phased 333 haplotigs and regions in primary contigs without assigned haplotigs. In addition, we used 334 publicly available long-read genomes and corresponding Illumina short-reads for three 335 additional P. striiformis isolates. This includes P. striiformis f. sp. tritici 93-210 336 (SAMN08200485), P. striiformis f. sp. hordei 93TX-2 (SAMN08200486), and P. striiformis 11-337 281 (SBIN00000000) ( Hubbard et al. 2015) . We performed k-mer analysis on raw 349
Illumina short-read using jellyfish v2.2.6. We first invoked the count command with the k-mer 350 size of 21 (-m 21) and size of 1000000000 (-s 1000000000). We converted the resulting count 351 file into a histogram using the histo command of jellyfish (Marçais & Kingsford 2011 
Cross isolate genome wide presence-absence analysis 357
We aimed at determining presence absence polymorphism at the whole genome level. We first 358 mapped short reads derived from one P. striiformis f. sp. tritici isolate ('query') against the 359 complete genome (ph) of the other isolate ('subject') using BWA-MEM v0.7.15-r1142-dirty using 360 standard parameters. We then calculated sequencing depths in 1 kb sliding windows as 361 described above. We defined regions that fell below 10% normalized sequencing depth in the 362 cross mapping but not self mapping experiments as absent in the 'query' isolate. We used 363 bedtools (Dale et al. 2011; Quinlan & Hall 2010) to identify genes which are completely 364 contained within these regions and defined them as 'variable genes'. We estimated the 365 distribution of the expected number of variable genes using a permutation test randomly 366 reshuffling the absent regions five thousand times. We used this random distribution to calculate 367 a p-value testing the hypothesis if the observed number of variable genes is different from the 368 observed random distribution at a p-value cut-off of 0.05. We performed a similar analysis for 369
TEs with the important difference to determine variable TE content at single base pair resolution 370 and with two thousand five hundred permutations. In addition, we performed similar tests on the 371 variable TE content using reciprocal whole genome alignments as input. We aligned each 372 genome against each other with the mummer package v4. Initially, alignments with nucmer 373 used -l 20 -c 65 --max-match. Alignments were filtered with delta-filter requiring no uniqueness -374 u 0 but a minimum sequence identify of 95% -i 95 (see notebook 375
Mummer_DK0911_Pst_104E.ipynb and DK0911v04_Pst104E_presence_absence.ipynb for 376 more detail). We converted mummer delta files into bed files for input in the presence absence 377 analysis as described above. Details on this analysis can be found in jupyter notebooks 378 
Synteny analysis 397
We performed detailed synteny analysis to identify the best reciprocal gene pairs between the 398 two isolates. In addition, we investigated if certain gene categories are more syntenic than 399 others considering parameters like maximum synteny block size and number of allowed gaps 400 within a synteny block. 401
We identified best reciprocal gene pairs as follows. For each orthogroup we identified the 402 reciprocal gene pairs or groups belonging to each isolate. If there was more than one gene pair 403 candidate we identified the pair(s) for which each downstream and upstream gene was 404 conserved in terms of orthogroup identity as well. In the case of multiple candidate gene pairs 405 we assigned gene pair status to pairs that formed the longest synteny block when allowing for a 406 maximum synteny gap number of eight. 407
We identified synteny blocks using MCScanX (Wang et al We assessed the variation between the gene pairs of the two isolates using three approaches. 421
We calculated the Levenshtein distance based on the codon based CDS alignments and on the 422 protein alignments of each gene pair. We calculated the dN:dS ratios by using these two 423 alignment sets with yn00 paml version 4.9 (Yang & Nielsen 2000) . The protein sequences of 424 each gene pair was aligned using muscle v3.8.31 (Edgar 2004) , and codon-based alignments 425 were generated using PAL2NAL v14 (Suyama et al. 2006 ). The Levenshtein distance was 426 calculated in python using the distance module v0.1.3. Analysis details can be found in jupyter 427 notebook DK0911_vs_Pst104E_reciprocal_gene_pair_analysis.ipynb. 428
429
Telomere analysis 430
We estimated telomere length and telomere patterns using computel ( and haplotigs, respectively) is similar between primary contigs and haplotigs and near identical 497 to our previous long-read assembly of Pst-104E (Table 1) Using PacBio long-reads we were able to assemble a high-quality, circular mitochondrial 507 genome for Pst-DK0911 with a length of 101,813 bp (Supplemental Figure 3 ), which displays a 508 high structural and sequence conservation when compared to three previously published P. Yet TE genome coverage was distinct between the two genomes contributing to the difference 542 in primary contig size (approximation of genome size) between Pst-DK0911 (Table 1) Mb in Pst-104E, which accounts for a 14% increase in TE content and for 54% of the observed 545 genome size difference between the two genomes. Indeed, there appears to be a specific 546 expansion of TEs in Pst-104E that is absent in Pst-DK0911 (Supplemental Figure 1B) . About 547 40% of the difference in TE coverage in Pst-104E relative to Pst-DK0911 is explained by an 548 expansion of TEs with an average sequence identity relative to the family consensus sequence 549 ranging from 82 to 95% (Supplemental Figure 1B) . It is also the relatively young TE families that 550 demonstrate the largest difference in coverage between Pst-104E and Pst-DK0911, these 551 belong mainly to the Class I LTR Gypsy and unclassified Class II elements (Supplemental 552 Figure 1C In addition to a substantially smaller genome size, the Pst-DK0911 genome was phased to a 558 much lower level than Pst-104E, reaching levels of 70% phasing compared with over 90% for 559
Pst-104E (Schwessinger et al. 2018 ). This suggests that Pst-DK0911 is less heterozygous than 560
Pst-104E, because lower levels of heterozygosity prevent the phasing of haplotypes during the 561 assembly process (Chin et al. 2016 ). Hence, we tested heterozygosity levels in five independent 562 ways. First, we determined the number of heterozygous single nucleotide polymorphisms 563 (SNPs) when mapping Illumina short reads of the same isolate against its primary contigs only. with Pst-104E we consistently observed that the cumulative variation size in different size bins is 574 always larger in Pst-104E ( Figure 1 ). In total, the larger scale structural variants covered 5.10 575 Mb (approx. 6.39% variation) in Pst-104E and 2.00 Mb (approx. 2.66% variation) in Pst-576 DK0911. Third, we analyzed the normalized read mapping coverage of primary contigs and 577 haplotigs to estimate the level of heterozygosity and of hemizygosity versus the level of 578 collapsed regions in the two genome assemblies. We normalized the read mapping coverage to 579 one ('haploid coverage') using completely phased regions of each genome as reference when 580 mapping reads against both primary contigs and haplotigs (Figure 2 B and D) . When mapping 581 against the primary contigs only (Figure 2A) , nearly all regions of the Pst-DK0911 genome 582 displayed two times ('diploid') coverage, suggesting a high level of similarity between the two 583 haplotypes, such that reads from one haplotype are able to map to the other haplotype. In 584 contrast, Pst-104E also showed a peak at 1x coverage which suggests the presence of 585 hemizygous regions in its genome. Indeed, when mapping reads against primary contigs and 586 haplotigs, Pst-104E showed a single strong coverage peak for all regions analyzed (Figure 2 B -587 D) including regions in primary contigs that lack an alternate haplotig. This supports the 588 conclusion that Pst-104E contains hemizygous regions in its genome that are significantly 589 different between the two haploid nuclei. In contrast, nearly all genome regions in Pst-DK0911 590 which lack a corresponding haplotig display 2x 'diploid' coverage indicating that these regions 591 are collapsed in this genome assembly and present in both haploid nuclei. We also made use of 592 three additional available long-read primary genome assemblies of P. striiformis, Pst-93-210, Inter-lineage genome variation is dominated by variation in transposable elements 637
Next we tested for variation and presence-absence polymorphisms between the Pst-104E and 638
Pst-DK0911 genomes using a conservative coverage based read mapping approach. We 639 defined unique regions (highly variable or absent) in one genome if they fell below a 10% 640 normalized coverage threshold in cross-mapping (e.g. Pst-104E reads onto the Pst-DK0911 641 genome), but not self-mapping (e.g. Pst-104E reads on to the Pst-104E genome) experiments. 642
In total, we identified 6 Mb of sequence that was unique to Pst-DK0911 and 21 Mb to Pst-104E. 643
We then considered how many genes are completely contained in these unique regions. We 644 identified 724 variable genes that were in the Pst-DK0911 genome and not covered by Pst-645 104E reads and hence absent in Pst-104E. Conversely, we identified 2394 variable genes of 646
Pst-104E that were not covered by Pst-DK0911 reads and hence missing from Pst-DK0911. 647
When analyzing if any specific gene group is enriched or depleted within this variable gene set, 648
we found that BUSCOs are significantly depleted in both cases (Multiple testing corrected 649
Fisher's exact test p-value = 3.1 e-11 for Pst-DK0911 and p-value = 8.2 e-9 for Pst-104E as 650 reference), which is expected for genes that belong to the highly conserved core genome. We 651 could not find any significant enrichment signal for candidate effectors or secreted proteins in 652 either Pst-104E or Pst-DK0911. On the contrary, genes encoding for secreted proteins 653 appeared to be depleted from the Pst-104E variable gene set (multiple testing corrected 654
Fisher's exact test p-value = 2.2 e-5). 655
We next tested if the unique regions were randomly distributed across the genomes or if they 656 contained a different number of genes than expected by chance. To do this, we performed a 657 permutation test by randomly reshuffling the unique regions to establish the expected 658 distribution of variable genes when the unique regions are randomly distributed. In both cases 659 BUSCO genes were significantly depleted from unique regions (Supplemental Figure 7) . In the 660 case of Pst-DK0911, candidate effectors and genes encoding secreted proteins were also 661 depleted from unique regions. In contrast, more genes than expected by chance were fully 662 contained within the unique genome regions of Pst-DK0911 and hence absent from Pst-104E. 663
The reverse analyses did not reveal any strong signal for any gene group except for genes 664 encoding for BUSCOs and secreted proteins which were significantly depleted from unique 665 regions in Pst-104E. Next we tested if TEs contribute to sequence variation between the two 666 genomes using a similar approach (see methods for details). Indeed, TEs were significantly 667 enriched in unique regions identified by our coverage based read mapping approach 668 (Supplemental Figure 8 A and B) . As read mapping is known to suffer in repetitive regions, we 669 performed identical tests based on whole genome alignments allowing for multi-mapping with a 670 percentage identity coverage cut-off of 95%. Consistently, this second independent method also 671 identified that TEs are highly enriched in unique regions in both genomes (Supplemental Figure  672 9 A and B). Overall, these analyses suggest that sequence variation between the two isolates is 673 mostly caused by variation in TE sequences. Candidate effectors were not located in gene sparse regions or linked to TEs. Yet similar to Pst-680 104E, candidate effectors appeared to be slightly closer to BUSCOs than to other genes 681 (Supplemental Figure 10 ). Next, we tested if candidate effectors are more variable between the 682 two isolates compared to all genes. We performed gene family (orthology) analysis with 683 R genes in plants are the least syntenic genes in land plants (Zhao & Schranz 2019) . If this 719 were the case for effectors, it could indicate that candidate effectors are in genomic regions with 720 higher recombination rates or general higher plasticity leading to disruption of gene synteny. 721
Using a similar approach as described for syntenic gene orthologs in plants (Zhao & Schranz 722 2019), we first tested how sensitive different gene groups are towards allowing a varying 723 number of gene gaps within synteny blocks using primary contigs as queries against the 724 complete assembly as subject. As expected (Zhao & Schranz 2019) , BUSCOs were the least 725 affected by the number of gaps ( Figure 6 ). The number of BUSCOs within a synteny block 726 plateaued at about 97% already at a maximum gap size of two or three in Pst-DK0911 or Pst-727 104E, respectively (Figure 6 A) . In contrast, for all other gene groups the percentage of genes 728 contained in synteny blocks kept on increasing until the maximum tested allowed gap size of 35. 729
Over 94% and 91% of all candidate effectors were contained within synteny blocks with a gap 730 size of 8 or more in Pst-DK0911 or Pst-104E, respectively. This is more than the genome 731 average of 88% and 86%, respectively. Hence overall candidate effectors do not appear to be 732 less syntenic than the genome average. This observation was further supported by the fact that 733 we observed very little difference in the mean best synteny block length at various numbers of 734 allowed gaps within the alignments (Figure 6 B) . While BUSCOs appeared to have slightly 735 longer mean synteny block length, the variation of synteny block length was significant in each 736 gene group (see Supplemental Figure 11 suggest that this isolate is largely homozygous, in terms of having two recognized alleles, for 756 several recognized effector loci as none of the tested progeny isolates were able to infect wheat 757 differential lines that were resistant to the parental isolate. Hence, we hypothesize that Pst-758 DK0911 originated from a highly inbred population that potentially might have undergone 759 several rounds of selfing or crosses between highly related genotypes leading to relatively low In the future, it will be interesting to investigate expression patterns of these genes during 817 teliospore production on wheat and during the sexual cycle of P. striiformis f. sp. tritici on 818 barberry. 819
Overall, our comparative analysis suggests that long-term asexual reproduction in Pst-104E has 820 led to a continuous accumulation of mutations, structural variations and a high level of 821 heterozygosity between the two dikaryotic nuclei. The observed gene-pair variation pattern in 822
Pst-104E is distinct compared to Pst-DK0911 and best explained by the continuous 823 accumulation of mutations during asexual reproduction without other major events introducing 824 genetic diversity. Of course, we cannot exclude a somatic hybridization event in Pst-104E's 825 distant past similar to what has been recently suggested for P. striiformis (Lei et assemblies allowed us to test if candidate effectors behave differently compared to other genes 871 in terms of synteny. Overall, candidate effectors did not behave strikingly differently from all 872 genes. Yet comparison between candidate effectors and secreted proteins revealed that fewer 873 candidate effectors, and especially EffectorP predicted candidates, are within a synteny block at 874 any given allowed gap-size. This might suggest that these genes have a higher turn-over in 875 regions of the genome that have increased recombination rates. Future studies capturing more 876 of the genetic diversity of P. striiformis f. sp. tritici with haplotype aware assemblies will answer if 877 this trend of reduced synteny of candidate effectors holds true in general. Overall, candidate 878 effectors were well conserved between our two isolates and not enriched in presence absence 879
polymorphisms. Yet we could observe two distinct populations of candidate effectors. About 880 70% of all candidate effectors were invariable between the two isolates. These might be core 881 effectors required for plant infection of this obligate biotroph with a focus on wheat or not under 882 selection by the plant immune system within the experienced environments. At the same time 883 the remaining set of candidate effectors displayed an increased level of variation and dN:dS 884 ratios, which is likely caused by specific selection pressures exerted by the plant immune 885 system. This was especially visible in Pst-104E. This is consistent with the fact that Pst-104E is 886 more heterozygous with more distinct candidate effector genes reducing the reciprocal mapping 887 rate compared to Pst-DK0911. Overall the difference effector repertoire between Pst-104E and 888
Pst-DK0911 might explain the differences in virulence profiles or aggressiveness observed 889 between these two P. striiformis f. sp. tritici lineages (Ali et al. 2017) . in contrast to strains only adapted to local barberry populations and the proximal grasses, which 909 are likely regular hosts of P. striiformis f. sp. tritici within the region. Second, once a P. striiformis 910 f. sp. tritici lineage is adapted to modern wheat varieties it must overcome the specific 911 resistance genes within currently grown wheat varieties (Ali et al. 2017 ). This second step of 912 adaptation is driven by genetic variation introduced during the asexual reproduction cycle of 913 wheat. The mutations in recognized effectors can be caused by SNPs, small insertions and 914 deletions, larger structural variations and TE movement. Because it is presumed that both nuclei 915 evolve independently during asexual reproduction, recognized effectors that are heterozygous 916 to begin with are highly likely to be lost during this process. This effect is illustrated by the two 917 cloned recognized effectors of P. graminis f. sp. tritici, AvrSr35 and AvrSr50, which were both 918 heterozygous in the isolates they were identified in (Chen et al. 2017; Salcedo et al. 2017) . 919
A third genetic mechanism of introducing variation is hybridization between distinct species or 920 lineages (Stukenbrock 2016 The future of wheat rust and P. striiformis genomics lies in generating complete haplotype 944 phased genomes that assort each set of chromosomes into specific karyotypes. This will enable 945 us to predict the potential of generating novel allele combinations during the asexual 946 reproduction cycle via mutations and somatic hybridization. In addition, haplotype phased 947 genomes will facilitate the cloning of recognized effectors. In combination, this will enable us to 948 better detect specific recognized effector allele pair combinations using modern long-read DNA 949 sequence approaches and enable us to better model the durability of certain R gene stacking 950 approaches. Lastly, it will be important to survey P. striiformis populations in the Himalayan 951 regions, which are not adapted to modern wheat varieties but to locally growing wheat and 952 grasses. This will provide insight into the true genetic diversity of P. striiformis and enable us to 953 catalog the entire genetic diversity of effectors. In addition, we might identify effectors that are 954 important for the infection of wheat or those that are negatively selected for by modern wheat 955 varieties. 956
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